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Synthetic Strategies and Applications of Fluorine-
Containing Bridged Bicyclic Compounds

Simone Baldon,™ Luca Dell’Amico,” and Sara Cuadros*™

Bridged bicyclic compounds (BBCs) have recently emerged as
effective 3D-isosteres of planar aryl and heteroaryl rings.
Current synthetic endeavours are devoted to accessing these
complex structures bearing functionalities in different positions

1. Introduction

The replacement of a functional group with its bioisostere
counterpart is a commonly used strategy in drug optimization.
This approach aims at enhancing the ADME (administration,
distribution, metabolism and excretion) profiles of drug-
candidates, while maintaining the key drug-target interactions
unaltered.™ In recent decades, bridged bicyclic compounds
(BBCs) have emerged as powerful 3D-bioisosteres of planar
arene rings, being bicyclo[1.1.1]pentanes (BCPs) one of the
most popular bicyclic cores. These rigid, strained motifs can
help in preventing undesirable intermolecular - stacking
interactions, thereby leading to notable enhancements in
properties such as water solubility.”

On the other hand, a well recognized strategy to improve
the pharmacokinetic performance and potency of bioactive
compounds is the incorporation of fluorine atoms or F-
containing groups. Generally, this modification allows to
reinforce the oxidation resistance of molecules, but also
provides additional opportunities for multipolar F-protein
interactions.” Several fluorinated groups have been successfully
used as bioisosteric replacements for common functionalities.
For instance, the —CF; and —CF,— groups have served as
effective surrogates for carbonyl groups or oxygen atoms,
among others."

Given the inherent advantages of both bicyclic frameworks
and F-containing groups in enhancing pharmaceutical proper-
ties, it is not surprising that the synthetic community have
dedicated significant efforts to synthesize and study new classes
of hybrid 3D-isosteres combining these two structural units. Early
investigations into fluorinated BCPs date back to 1999, where
Adcock, Savéant and coworkers determined oxidation poten-
tials (E,) and pKa values of different 1,3-subsituted BCPs 1
(Figure 1a).”! Both set of data reflect how substituent electronic
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of the aliphatic rings. Of particular interest is the incorporation
of F-containing motifs, since it allows the generation of isosteric
units with improved physicochemical properties, including
lipophilicity, water solubility, or oxidative resistance.

effects are effectively transmitted through the BCP ring system.
An alternative avenue in the molecular design of 3D-scaffolds
involves the installation of fluorine in the bridge positions of
the bicycle, affording compounds that can exhibit a good
balance between water solubility and lipophilicity (Figure 1b).
For instance, Mykhailiuk and coworkers provided an interesting
comparative analysis involving amides 2-4, wherein the
exchange of the benzene moiety in 2 with the gem-difluoro
BCP motif 4 resulted in a considerable increase of its water
solubility, while maintaining the lipophilicity of the parent
molecule 2.

In addition to developing synthetic methods for construct-
ing F-containing BBCs, significant efforts have also been
dedicated to their application in replacing arene rings, aryl
ether, or aryl ketone functionalities within known biologically
molecules (Figure 1c). For example, the research groups of
MacMillan, Dell’Amico or Zhang have successfully synthesized
analogues of leflunomide 6, a leukotriene A, hydrolase inhibitor 8,
and adiporon 10, respectively, demonstrating enhanced phys-
icochemical parameters compared to their parent arene
compounds.”™?

In this Concept, we provide an overview of the latest
methodologies employed in the synthesis of F-containing BBCs.
The synthetic strategies have been systematically categorized
based on the site of functionalization (i.e. bridge or bridge-
head), and further delineated by the distinct F-containing motifs
integrated into the byclic core. Finally, we discuss potential
advancements in the field, addressing current synthetic chal-
lenges and outlining future directions for research.

2. Bridgehead Functionalization
2.1. Introduction of Fluorine and Fluoroalkyl Groups

In 2015, Adsool and Goh developed a one-step protocol to
access the fluorinated derivative 13 from the corresponding
dicarboxylic acid 11 (Figure 2)."” The methodology is based on
a decarboxylative radical fluorination process, using Select-
fluor® 12 as the fluorinating agent together with AgNO,
serving as a catalyst. This procedure is one of the first examples
of an efficient scalable route to the mono-fluorinated product
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Figure 1. Selected studies and applications of fluorinated-BCPs.
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Figure 2. First example of a gram-scale synthesis of a F-containing BCP
product 13. (ref [10]).
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13 (65 % yield in gram scale), avoiding the need for chromato-
graphic purification.”

Several strategies for synthesizing a diverse range of F-
containing 1,3-disubstituted BCPs have been developed over
the years, leveraging the strain-release reactivity of [1.1.1]-
propellane 14 (Figure 3).' One of the earliest examples of
preparing CF;-containing BCP scaffolds was described by Ad-
cock and Gakh in 1992, involving the reaction of CF;l 15 with
14 (Figure 3a)."™ This method has since been adopted by other
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Figure 3. Strategies for the synthesis of fluoroalkyl 1,3-substituted BCPs.

research groups for the gram-scale production of the versatile
product 16.'¥

The fields of photochemistry and photocatalysis have
offered practical approaches for generating a variety of
perfluoroalkyl radicals, which can then be utilized in radical
addition processes with [1.1.1]-propellane 14. In 2020, the
group of MacMillan reported a dual photoredox/copper-cata-
lyzed three-component radical coupling between alkyl radicals,
propellane 14 and heteroatom-based nucleophiles 17 (Fig-
ure 3b).”! The scope of this transformation proved to be very
general, affording 58 examples in 33-85% yield. Among these,
two examples were reported using the Togni Il reagent 18 as
precursor of trifluoromethyl radicals, thus affording the corre-
sponding flurorinated BCP products 19 in 60-68% yield. In
contrast to the other alkyl radical precursors that were used in
the scope, the reaction using 18 could be conducted without
the necessity for photocatalyst and light irradiation.

One of the products 19 was then used in the synthesis of
the analogue of Leflunomide 6 (see Figure 1c), which exhibited
an increased metabolic stability in both rat and human liver
microsomes in comparison with the original parent drug 5.

In 2021, Hong and co-workers reported a photochemical
strategy for the synthesis of a wide variety of 1,3-aminopyridyl-
functionalizated BCPs, using N-aminopyridinium salts 20 as
radical sources."” Interestingly, the applicability of the method
was extended to the trifluoromethylative pyridylation of
propellane 14 by using the Umemoto reagent 21 as source of
trifluoromethyl radicals (Figure 3c). Although the reaction could
be promoted via the formation of electron donor-acceptor
(EDA) complexes™ between 20 and NaOAc, the authors
observed improved results with the use Ir(ppy); as external
photocatalyst. Five examples of this fluorination reaction were
reported, including the use of complex pyridine-containing
drugs, such as vismodegib and bisacodyl.
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The works of MacMillan and Hong paved the way for the
further exploration of other general three-component coupling
reactions that allow the introduction of diverse fluoroalkyl
moieties in the bridgehead positions of the BCP core. In 2023,
the groups of Jiang and Xu simultaneously reported a general
method to access a wide variety of perfluoroalkyl-substituted
BCP derivatives 25, under mild and metal-free reaction con-
ditions (Figure 3d)."” This transformation was triggered by light
excitation of EDA-complexes generated upon association of
perfluoroalkyl iodides 24 with 1,8-diazabiciclo[5.4.0]lundeca-7-
eno (DBU). Both methods proved to proceed in good yields
with N-heterocyclic traps of different nature, as well as with
perfluoroalkyl chains ranging from the simplest —CF; to long-
chain perfluoroalkyl groups.

On the other hand, the group of Molander have provided
diverse photocatalytic strategies to introduce fluoroalkyl groups
on the BCP core, capitalizing on the use of fluoroalkylsulfinate
salts 27 as source of fluoroalkyl radicals (Figure 3e and f).'® In
these transformations, a single electron transfer (SET) oxidation
of 27 by an excited Ir photocatalyst generates the correspond-
ing fluoroalkyl radicals, which rapidly engage in a radical
addition process to the propellane 14. Such event produces a
BCP radical that can be successfully trapped with acceptors
such as imines derivatives 26 (Figure 3e)" and heteroaryl
sulfones 29 (Figure 31, thus yielding the corresponding
fluorinated 1,3-disubstituted BCP products 28 and 30.

The difluoromethylene group (—CF,—) has been shown to
act as an effective bioisostere of carbonyl groups (C=0), oxygen
atoms or sulfonyl groups.”) The combination of difluoroalkyl
motifs (—CF,R) with BCPs gives access to new Fsp*-rich isosteric
units, which can be potentially used as structural surrogates of
aryl ethers and aryl ketones. In 2022, Gutierrez and co-workers
reported a multicomponent cross coupling reaction from
(fluoro)alkyl halides 31, [1.1.1]propellane 14 and Grignard
reagents 32, using Fe(acac); as pre-catalyst (Figure 4a)."” The
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Figure 4. Strategies for the synthesis of difluoroalkyl 1,3-substituted BCPs.
dpe: 1,2-dipiperidinoethane ; dcpe: 1,2-bis(dicyclohexylphosphino)ethane.

authors used both diamine and bisphosphine-based ligands,
showing similar performance for the formation of the desired
products. During this study, it was observed that together with
the coupling product 33, small amounts of the 1,3- alkyl BCP
iodide 35 were also formed (Figure 4b). This reactivity was
attributed to a Fe-catalyzed atom transfer radical addition ATRA
process, which was further optimized, identifying FeCl, and 1,2-
bis(dicyclohexylphosphino)ethane (dcpe) as the optimal cata-
lytic system to trigger this alternative pathway. Under these
conditions, 8 examples of the corresponding BCP halides 35
were obtained with good to excellent yields (40-82 % yield).

A general photochemical approach to difluoroalkyl BCPs
was later developed by Dell’Amico’s group in 2023 (Figure 4c).®
This process uses 5 mol% of the dihydrobenzoacridine photo-
catalyst 36, which upon light-excitation, promotes the gener-
ation of difluoroalkyl radicals, either by direct reduction of 31 or
via an EDA-complex manifold between 36 and the substrate 31.
The difluoroalkyl radicals were then engaged in ATRA processes
with the propellane 14 affording the corresponding bromo-
substituted BCP products 37 in moderate to good yields (32
examples, 27-87 % yield). In addition, the authors synthesized
the analogue of a LTA, hydrolase inhibitor 8 (see Figure 1c),
replacing the original aryl ether moiety in 7 with the CF,-BCP
unit.”” Noteworthy, the computed clLogP and clogS values
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Figure 5. Photochemical synthesis of aryl difluoromethyl 1,3-substituted
BCPs through C—F bond activation.

indicated an enhanced lipophilicity and water solubility of the
new analogue 8.

Xu and coworkers provided a copper-catalyzed method for
obtaining a large variety of 1-haloalkyl-3-heteroaryl BCPs 38
(Figure 4d).2" The key difluoroalky! radicals were generated via
a halogen atom transfer (XAT) process involving the organic
halide precursor 34 and an a-aminoalkyl radical initially formed
through a hydrogen atom transfer (HAT) process from DIPEA.
One of the advantages of this method is the possibility of using
primary, secondary and tertiary carbon radicals, thereby over-
coming limitations encountered in previous methodologies,
which were only effective with tertiary radicals."**?

In 2023, the group of Mykhailiuk reported a continuous-flow
method for synthesizing a large library of iodo-BCPs using a
light-promoted reaction between alkyl iodides and propellane
14 (Figure 4e).”® This scalable and practical approach does not
require additional additives or catalysts and allows for the
production of the target compounds in milligrams to kilogram
quantities. Among the over 300 examples provided, 10
examples involved the synthesis of difluoroalkyl BCPs 35, from
the corresponding difluoroalkyl halides 34.

In 2023, the group of Zhang introduced an alternative
photochemical approach based in the activation of C—F bonds
within trifluoromethylarenes 39 (Figure 5).' This strategy
harnessed the N-anionic based organophotocatalyts 40 and 41,
which exhibited high efficacy in reducing 39 while generating
the corresponding difluorobenzyl radicals. The addition of these
radicals to [1.1.1]propellane 14 generates BCP radical intermedi-
ates that were subsequently engaged in hydrogen atom trans-
fer processes to form 43, or intercepted by B,pin, to yield BCP-
boronate products 44. Remarkably, this transformation was
applied to numerous aryl and heteroaryl trifluoromethyl
derivatives, including complex bioactive substrates. Finally, the
authors synthesized an analogue of the adiponectin receptor
agonist Adiporon (10 in Figure 1c). In vitro studies revealed a
significant enhancement in the metabolic stability of the new
analogue 10, characterized by reduced clearance rates in
human liver microsomes.
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Figure 6. Synthesis of fluorinated bicyclo[2.2.2]octane derivatives.

Bicyclo[2.2.2]octane derivatives represent another class of
saturated arene isosteres, which have garnered significant
interest in drug discovery, medicinal chemistry and
supramolecular chemistry over the past last decade."* Com-
pared to fluorinated BCPs, the synthesis of F-containing
bicyclo[2.2.2]octanes has been less explored. In 2015, Mykhai-
liuk's group reported a strategy to synthesize the versatile
monofluoro-substituted compound 47 (Figure 6a).** This ap-
proach involved a 4-step synthesis of the carboxylic acid 46a,
which was subsequently converted into compound 47 using
xenon difluoride (XeF,) as the fluorinating agent. Additionally,
the same group synthesized the CF; derivative 48 from the
dicarboxylic acid 46b, using sulfur tetrafluoride (SF,) in
presence of water as fluorinating agent (Figure 6b).2*’

2.2. Introduction of Fluorosulfur, Fluoroselenium (—SFx,
—SeFx) and their Fluoralkyl Derivatives (—SR;, —SeR,

The synergistic coupling of fluorine and fluoroalkyl moieties
with chalcogen atoms has recently garnered considerable
attention in pharmaceutical and agrochemical research. This
alliance offers a promising avenue for imparting distinctive
physicochemical properties to small organic molecules, charac-
terized by augmented electron-withdrawing character along
with high lipophilicity.”” Several strategies have been devel-
oped to incorporate these emerging functionalities into the
structure of BCPs.

In 2020, Zhu and co-workers developed one of the first
general protocols for the synthesis of fluoroalkylthio- and
fluoroalkylseleno-functionalized BCPs 50 (Figure 7a).” Based
on different mechanistic studies, including electrospin para-
magnetic resonance (EPR), the authors proposed as the
initiation step the homolysis of the strained C—C bond of
[1.1.1]propellane 14, promoted by thermal activation or light
irradiation. The corresponding BCP diradical reacts with the
S—R? bond of reagent 49, leading to the generation of a sulfone
radical (R'-SO,") together with a monofunctionalized BCP
radical (R*-BCP®), which then recombine to afford the final
product 50. The reaction shows excellent tolerance towards aryl
and alkyl-substituted sulfones 49. In addition, several thiofluori-

Eur. J. Org. Chem. 2024, 27, €202400604 (5 of 10)

Qf
hv R175R2 o IO
blue LEDs 49 N— O~ R?
(a) R?
R; = aryl, alkyl 50
R2 _ -SCF3 -SCF,H, -SCFH, 32 examples
-SeCF, -SeC4Fe, -SeCgF;7 35-94% yield
e Yo
Ph N« M
Gy M Yo g
L 0 blue LEDs O 51 P
o 53
NPhth- R? =_ -
14 &, R’ = _SCF3, -SeCF; 2 examples
66-72% yield
R*
EtO,C CO,Et
~ | |
Me’ N Me R4 — —SCF;
(© blue light H 54
NPhth-SCF 56
Feaal R' = -alkyl
2 examples

40-51% yield

Figure 7. Strategies for the synthesis of fluoro-sulfur and fluoro-selenium
1,3-substituted BCPs. Phth: phthalimide.

nated and selenofluorinated groups were efficiently incorpo-
rated with excellent vyields, such as —SCF,, —SCF,H, —SFH,,
—SeCF; and Se-perfluoroalkyl moieties, under mild reaction
conditions, 100% atom economy and good process scalability.

The same year, Leonori, Sheikh and coworkers developed a
light-driven amino-functionalization process of propellane 14,
using amidyl radical precurors 51 together with different type
of SOMOphiles (Figure 7b). Two examples were reported with
the phthalimide-based reagents 52 as effective SOMOphilic
reagents, which allowed the introduction of the —SCF; and
SeCF, functionalities in the BCP core.”” On the other hand, the
group of Molander provided two examples of photochemical
trifluoromethylthiolation of 14, capitalizing on the ability of 1,4-
dihydropyridines 54 to engage in EDA-complex formation with
the SCF;-substituted phthalimide 55 (Figure 7¢).*®

In 2022, a collaboration between Cornella, Pitts and co-
workers led to the development of a synthetic protocol for the
mild radical pentafluorosulfanylation and
tetrafluoro(aryl)sulfanylation of [1.1.1]propellane 14, thus ac-
cessing to the isosteric hybrids BCP—SF; chloride 57 and
BCP—SF,Ar chloride 58 (Figure 8a).”” The SF—BCP—CI derivative
57 is formed via an ATRA mechanism, which is initiated through
the photoexcitation of the SF;Cl reagent (used as a gas solution
in hexane). In the case of the formation of the ArSF,—BCP—CI
derivative 58, the reaction between ArSF,Cl and 14 occurs
spontaneously in the dark at —45°C, also via a radical-chain
ATRA process.

In 2023, Qing and co-workers reported a variation of the
Cornella-Pitts work that allows the synthesis of the SF.—BCP—I
iodide 59 via a three-component iodopentafluorosulfanylation
reaction between SFsCl, propellane 14 and CH,l, (Figure 8b).5”
The process was initiated by thermal homolysis of the S—CI
bond within SF;Cl, which occurs at ambient temperature. The
generated SF; radical rapidly adds on the [1.1.1]propellane 14

© 2024 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

35101 SUOLLLIOD BANER.D) 3|eatdde ) Aq pauiRAOB 22 SAPIE WO ‘SN J0 SaJNI I0) ARIGIT BUIIUO AB]1AM UO (SUONIPUOD-PUR-SLLLB) W00 B |IMARe.q)1pUI|UO//STNY) SUORIPUOD PUB SWLB 13U 885 *[120Z/TT/92] U0 ARiqiTaulluo A8IM !l eueIR0 Aq 09005202 90B/Z00T OT/10p/LI0Y" A3 1w Aseiq1jeut juoado.ne-A1s LueLo//Sdny woly papeojumod ‘s ‘vz ‘0690660T



Chemistry
Europe

European Chemical
Societies Publishing

Concept

EurJOC I .
doi.org/10.1002/ejoc.202400604

European Journal of Organic Chemistry

SF5Cl
v white LEDs

Et0,30°C.4h  _ c1—{ —SFs or cl—{_—SF,Ar

or
ArSF,Cl, dark 57 90
Et,0, -45°C, 3h 13 examples
] 41-84% yield

14
SF5sCl, CHal, I—{_—SFs
hexane/Et,0 59
dark, rt, 3h
1 example
73% yield

Figure 8. Synthesis of —SF; and —SF,Ar substituted BCPs.

to generate a BCP radical that preferentially undergoes halogen
atom transfer (XAT) with CH,l,, rather than with the starting
substrate SF;Cl. The reaction proceeds efficiently even in gram-
scale (10 mmol scale, 73 % yield) and with minimal formation of
the alternative ATRA product SF;—BCP—Cl 57. Importantly, the
iodide BCP product 59 was easily functionalized via single
electron reduction of the C—I bond, thus generating a BCP
radical that was subsequently engaged in radical addition
processes to alkenes or disulfides. Qing’s contribution provided
a solution related to the nature of the SF.—BCP—Cl products 59
formed with the Cornella-Pitts protocol. Indeed, the BCP
chloride derivatives are difficult to further functionalize via C—Cl
bond activation, while BCP iodides have demonstrated their
ability to participate in a variety of radical-based and polar
transformations,®" thus allowing the synthesis of more complex
SF.—BCP derivatives.

3. Bridge Functionalization
3.1. Introduction of Fluorine Atoms

The direct installation of fluorine or fluoroalkyl substituents at
the bridge (2,4,5) positions of the BCP scaffold is a formidable
challenge for which general methodology remains largely
underdeveloped. The first attempts to this goal dates back to
1997, when Michl’s group succeeded in synthesizing dimethyl
pentafluorobicyclo[1.1.1]pentane-1,3-dicarboxylate 61 and di-
methyl hexafluorobicyclo[1.1.1]pentane-1,3-dicarboxylate 62
(Figure 9a).%*’ These two products could be obtained by gas-
phase fluorination of dimethyl bicyclo[1.1.1]pentane-1,3-dicar-
boxylate 60. Subsequent studies revealed the interesting
influence that the presence of fluorine has on both the
geometry and the physicochemical properties of the di-
carboxylic acid 64, compared to its non-fluorinated analogue 63
(Figure 9b). For example, from the pKa analyses in aqueous
solution, it was shown that the hexafluorinated di-carboxylic
derivative 64 has an acidity up to 2.55 points lower than the
defluorinated analogue 63.

In 2019, the group of Ma and Mykhailiuk developed
independently a synthetic protocol for the synthesis of 2,2-
difluoro-BCPs derivatives (“BCP-F,”, 67), via the addition of

Eur. J. Org. Chem. 2024, 27, €202400604 (6 of 10)

a,
(a) F,’/R
0, 0 F, Q O
MeG OMe ~ CFLCICFCIy 4 Med o N OMe
F F
60
_ -H (61), 30% yield
-F (62), 43% yield
(b) R R
o 41 o R pKa, pKa,
hd L o H 322 426
R Np F 073 134
R R
_-H(63)
R= (64

Figure 9. (a) First example of fluorination of the BCP structure, reported by
Michl’s group (ref. [32a]); (b) Comparison of the acidity of compound 64 with
its non-fluorinated analogue 63.

difluorocarbene (:CF,) to bicyclo[1.1.0]butane 65 (Figure 10a
and b).**¥ In the methodology of Ma, difluorocarbene was
generated from trimethylsilyl 2-fluorosulfonyl-2,2-difluoroace-
tate (TFDA, 66) at 90°C in the presence of substoichiometric
amounts of NaF as initiator,®® while Mykhailiuk's method
employs a large excess of CF;TMS at 70°C, using Nal as
initiator.”! Both processes proceed in good yields, but are
limited to the synthesis of 1-phenyl-3-ester-substituted BCPs,
with only one example yielding a 1-vinyl-3-ester substituted
BCP product. Additionally, both works provided an analysis on

Q\S/P i
- %OTMS

(a) F F ss

dloxane 90 C ._M
(b) CF;TMS

17 examples

7-68% yield
0 Nal
THF, 65°C R X
X — . ) o}
CHFBr, @ o— R?
(c)
@ 65 NaOH (aq.), NEt;BnClI X = -Br (68), -H (69)
toluene, rt 8 examples
32-71% yield
X =OR" or N(i-Pr),
RF F F

Phg;’i)(CO; @ P
q .‘ —{
@ i 7 N(i-Pr),

Mesitylene, 80°C

2 examples
33-43% yield

© o FF
o
n)j\OMe - .
® P 7,;2 —— 1/ OMe
R" 74
=-H, -alkyl 9 examples

12-65% yield

TMSCF,

Rhy(Oct),
(0.01 mol%)
DCM, rt, 45 min Nal, THF, 65°C

Figure 10. Synthetic strategies towards 2,2-difluoro and 2-monofluoro sub-
stituted BCPs (BCP—F, and BCP—F).
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Figure 11. Multi-step strategies for the synthesis of fluorinated 2-azabicyclo[2.1.1]hexane and 2-oxabicyclo[2.1.1]hexane derivatives. Yields refer to overall

yield.

the acidity, basicity, lipophilicity, and water solubility of some
BCP—F, derivatives, in comparison with their non fluorinated
BCP analogues (selected example in Figure 1b). Subsequent
works by Ma and other groups have described further
functionalization of the BCP—F, products 67, thus allowing the
diversification of these molecules into more complex
substrates.?¥

Some years later, in 2022, Mykhailiuk and co-workers
published the first scalable route for the synthesis of 2-fluoro
substituted BCPs 69, via the addition of the bromofluorocar-
bene (:CBrF) on 65 (Figure 10c).” The process was triggered at
room temperature treating the carbene precursor CHFBr, with
NEt;BnCl in toluene, and an aqueous solution of NaOH. The
reaction of the corresponding bromide 68 with freshly prepared
Raney nickel in the presence of ethylenediammine (EDA),
yielded the desired mono-fluorinated BCP 69 in up to 96%
yield.

Other difluorocarbene precursors, such as the zwitterionic
phosphonium carboxylates 70 developed by Anderson’s group,
have also been successfully used to synthesize BCP amide
derivatives 71 starting from bicyclo[1.1.0]butane 65 (Fig-
ure 10d).5

In 2023, the group of Davies reported a rhodium-catalyzed
approach to access a variety of 3-
(hetero)arylbicyclo[1.1.0]butanes 73, using the modular a-
allyldiazoacetates 72 as precursors (Figure 10e).%” The bicyclo-
butanes were then directly use in the one-pot synthesis of
densely functionalized BCP—F, products 74, capitalizing on the
previously described Mykhailiuk’s group protocol. The Davies’
work allows the expansion of the BCP—F, products 74 that can
be accessed with the difluorocarbene chemistry, including
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examples bearing polyaromatic and heteroaromatic groups in
the bridgehead positions of the BCP—F, core.

4. Synthesis of F-containing Bridged
Hetero-bicycles

Different groups have recently provided multi-step strategies
for building-up F-containing bridged heterobicyclic structures
(Figures 11 and 12).B%* A particular emphasis has been putted
in the synthesis of 2,4-methanoproline fluorinated derivatives
(78-80, 85, 87, 90), and its oxa-analogues (83, 89) for which
several gram-scale routes have been successfully developed

(a) Grigorenko (2023)

o o 1) BAN(CH,OCH3), R F o F F
CH,SICly 1-3 steps R
owe _ontuoe_ fowe 22 Qo
2) [ — </

X SF4, HF X N X N

91 -196°C to rt 92 BN o3 H
x = O -NH, CH, 30 to 49% yield 30 to 96% yield
= -CH,CHy, -SO,, -CF, R = "COOH,-NH,

-CH,OH, -H
(b) Grigorenko (2024)
o

oA, @ @ @
n
( fluorination step:
(0]

m
TMSCF;, KHF,
94 TFA
0°Ctort

Figure 12. Synthetic strategies for the preparation of fluoro-substituted
hetero-bicyclic compounds.
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(Figure 11).55* 2 4-methanoproline is a naturally-occurring

non-proteinogenic amino acid that is considered a highly
valuable building block in medicinal chemistry, since it can be
used as proline analogue.”® The approaches to accessing these
substrates involve either performing a fluorination step after
constructing the desired bridged bicyclic structure (examples a—
c), or starting the synthetic route with F-containing starting
materials (examples d-e).

In 2018, Mykhailiuk’s group successfully implemented a
gram-scale synthesis of the 2,4-methaneproline 77 derivative
using a continuous flow process, starting from commercially
available and cost-effective substrates, such as methyl 2-
oxopropanoate 75 and allylamine 76 (Figure 11a).5¥ Various
structural modifications were subsequently performed to yield
the monofluoromethyl, difluoromethyl, and trifluoromethyl
derivatives (78-80) in good to excellent yields (46-88%).
Subsequently, the same group developed a protocol for the
synthesis of oxabicyclo[2.1.1]hexane derivatives through a
multistep process, beginning with the ring closure of the
starting material (3-methylenecyclobutyl)methanol 81 (Fig-
ure 11b).”" The alcohol 82 was then converted to the
corresponding monofluoromethyl derivative 83 using tetrabutyl
ammonium fluoride (Bu,NF) as the fluorinating agent.

Another example of fluorination of heterobicyclic com-
pounds was reported by Cox et. al. (Figure 11c), who synthe-
sized the two  monofluoromethyl  derivatives  of
azabicyclo[2.1.1]hexane 85 a-b via fluorination of the diester 84
with (diethylamino)sulfur trifluoride (DAST).“”!

Regarding the approaches using fluorinated starting materi-
als, Komarov’'s group reported in 2009 the synthesis of the 4-
fluoro-2-azabicyclo[2.1.1]hexane derivative 87, in 5 steps from
the commercially available compound 86 (Figure 11d).#™ The
desired product was obtained with a yield as low as 11%. More
recently, Grigorenko’s group developed two different synthetic
routes for the synthesis of trifluoromethyl and difluoromethyl
derivatives of 2-oxabicyclo[2.1.1]hexane (89a-b), as well as for
the 2-azabicyclo[2.1.1]hexanes 90a-b (Figure 11e).*? These
products can be obtained from the corresponding starting
material 88 in moderate yields (24-53%). The synthesis of
related products, featuring the R: groups at the bridge 3-
position of the 2-oxabicyclo[2.1.1]hexane core, has recently
been described by the Mykhailiuk group.”®

In 2023, Grigorenko’s group developed a general method-
ology for the preparation of an extended class of gem-difluoro-
3-azabicyclo[3.n.1]alkanes 93, which can be considered as
conformationally-restricted analogues of piperidine, one of the
most common heterocyclic scaffolds used in drug discovery
(Figure 12a).*” These complex compounds are initially prepared
through double-Mannich addition/annulation process from f-
ketoesters 91, followed by a deoxofluorination with SF, and HF
at —196°C. The generality of the process was very broad,
including the synthesis of fluorinated piperidine derivatives
containing additional heteroatoms in the bicyclic core, as well
as other heterobicycles 93 containing substituents that can be
engaged in further functionalization processes.

In 2024 the same group developed the multi-step synthesis
of a-CF;-substituted saturated bicyclic amines 95-98 from
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commercial cyclic ketones 94 (Figure 12b).*” Different sized
bicyclic amines (95-98) were obtained in gram scale and good
yields, via the addition of the Ruppert-Prakash reagent to an in-
situ generated imine from 94, followed by a AlMe;-promoted
intramolecular heterocyclization, as key steps. In addition,
analysis of parameters such as basicity and lipophilicity allowed
to determine the influence of the —CF; substituent on the
chemical and physical properties of the molecule.

5. Summary and Outlook

Over the last years, the synthesis of BBCs has garnered
increasing attention due to their important applications in
medicinal chemistry, catalysis, and materials science as versatile
3D-replacements for planar arene rings. The incorporation of
fluorine atoms and fluoroalkyl groups into these molecular
frameworks leads to the creation of hybrid 3D-structures with
distinct physicochemical properties compared to their non-
fluorinated counterparts. A significant progress has been made
in the synthesis of F-containing BCPs. The primary strategy for
introducing fluorinated moieties into the bridgehead (1,3)
positions of this bicycloalkane have involved the photocatalytic
generation of fluoroalkyl radicals, which readily undergo
addition to the strained o-bond of [1.1.1]-propellane. However,
strategies for substitution of the bridge (2,4,5) positions have
been comparatively underdeveloped. The current few methods
rely on the reaction of difluorocarbenes, generated from various
precursors under thermal conditions, with the strained c-bond
of bicyclobutanes.

On the other hand, fluorinated chalcogen-based functional
groups, including —SR;, —SeR;, —SF;, or —SF,Ar, have been
effectively incorporated into BCPs primarily through photo-
catalytic strategies. However, these approaches exhibit limited
versatility, prompting the need for expanded protocols facilitat-
ing the simultaneous introduction of diverse groups alongside
with F-chalcogen functionalities at the bridgehead or bridge
positions.

Current strategies for synthesizing F-containing bridged
hetero-bicycles, predominantly involve multistep procedures,
which restrict their synthetic versatility. Consequently, the
development of direct methods for the selective introduction of
F-containing motifs at different positions of the bicyclic core,
would be highly desirable.

Although substantial research has focused on BCP frame-
works, we anticipate the development of additional strategies
for incorporating fluorine or fluorinated groups into other
significant BBCs, such as bicyclo[2.1.1]hexanes,
bicyclo[3.1.1]heptanes, bicyclo[2.2.2]octane and their heterobi-
cyclic variants."” These scaffolds have already been validated as
3D-surrogates for non- linear arene rings.

Advancing new methods to overcome current challenges in
the synthesis of F-containing BBCs opens new opportunities for
exploring 3D-chemical space across different research fields.
This progress offers exciting prospects for developing the next
generation of pharmaceuticals, materials or catalysts with
refined properties.
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